We study the local field enhancement properties of self-similar nanolenses and compare the obtained results with the performance of standard dimer nanoantennas. We report that, despite the additional structural complexity, self-similar nanolenses are unable to provide significant improvements over the field enhancement performance of standard plasmonic dimers.
vast range of nanostructures, mostly exploiting the presence of a geometrical gap, to achieve field enhancements of about 2 orders of magnitude in amplitude. 1,2 Self-similar plasmonic nanolenses represent a notable exception in the plasmonic nanoantenna landscape, employing cascade field enhancement amplification to nominally achieve, in ideal conditions, unprecedented field amplitude gains of more than 3 orders of magnitude. 3 This unique field enhancement ability has led to a significant interest in self-similar nanostructures, and likewise to a close scrutiny of their optical properties, [4] [5] [6] finally giving impulse to several research efforts aiming to fabricate and employ this class of geometries. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In this paper we investigate the field enhancement properties of selfsimilar plasmonic nanolenses, and compare them with those of standard plasmonic gap antennas such as sphere, rod and bowtie dimers, featuring similar geometrical parameters. We aim to unravel the physical mechanisms contributing to the extreme field enhancement properties reported for self-similar nanolenses, with particular attention to the effect of radiative and non-radiative losses on the obtained local field enhancement.
We employ a Boundary Element Method (BEM) approach, 18, 19 complemented by Generalized Multiparticle Mie (GMM) calculations for spherical geometries, 20, 21 to study the local field enhancement properties of the self-similar and dimer plasmonic structures sketched in Fig.1 . We illuminate the antennas with a monochromatic plane wave in which the electric field vector is parallel to the antenna principal axis and the wavevector is normal to the structure horizontal symmetry plane. The self-similar antenna is defined by the radius R i of each sphere and the respective sphere to sphere separation d i,i+1 . Defining κ as the self-similarity factor, i.e. the scaling factor between two successive elements of the array, we have R i+1 = κR i and d i+1,i+2 = κd i,i+1 . In the present case we take κ = Furthermore, in order to perform a fair comparison, we introduce two additional geometrical constraints for the design of the dimer antennas, one on the antenna volume, with V dimer ≤ V nanolens , and the other on the longitudinal dimension (i.e. along the polarization direction of the illumination field) of each antenna element, with L element ≤ 2R 1 . We finally adopt a sphere dimer with radius R sphere = 30 nm ( Fig.1(b) ), a cylindrical rod dimer capped with two hemispheres with total rod length L rod = 90 nm and radius R rod = 20 nm ( Fig.1(c) ), and a bowtie antenna with side
2 L bowtie (equilateral triangle), thickness t bowtie = 20 nm and corner curvature radius r bowtie = 5 nm ( Fig.1(d) ),corresponding to the self-similar nanolens smallest geometrical feature. It is finally worth noting that the adopted geometrical parameters allow us to exclude, in a first approximation, tunneling and non-locality effects at the gap, [22] [23] [24] and to use bulk silver optical constants retrieved from the literature. [25] [26] [27] Furthermore, we ignore the size corrections for the electron mean free path for the R 3 = 5 nm nanolens sphere. 3 Figure 2 reports local field enhancement spectra for the silver self-similar nanolens and the standard dimer antennas, where the optical constant of silver is retrieved from the literature. 3, 25 Fields are computed in quasi-static approximation and are monitored in the middle of the gap in the case of the standard dimers, and on the simmetry axis 0.5 nm from the smallest sphere surface in the case of the nanolens, to take into account the highly asymmetrical field distribution at the gap. 3 The self-similar nanolens and the sphere dimer display field enhancements in the same order of magnitude, where the sphere dimer shows a slightly more intense and red-shifted resonance at about 400 nm. The field enhancement spectra, calculated both by BEM and GMM approaches, are in excellent quantitative agreement, therefore indicating that the choice of mesh resolution for BEM calculations, and the number of included multipole expansions in the case of the GMM approach (n stop = 20), are appropriate. 5 Field spectra for rod dimer and bowtie antenna exhibit similar trends, with larger peaks intensity and red-shifted resonance position with respect to the nanolens. Overall, the computed field spectra clearly show that standard antenna dimers can produce field enhancements comparable or larger to those obtained employing self-similar nanostructures, even though the gap geometry, as a general rule, imposes a red shift of the dipolar resonance with respect to that of a self-similar antenna, which in first approximation appears at the single sphere energy.
It is now necessary to investigate the role of the resonance wavelength on the field enhancement properties of the self-similar array. To do so we design a self-similar rod nanostructure resonating at 400 nm, which also corresponds to the resonance of the sphere dimer antenna. In order to properly target the effects of the wavelength dependence, lateral dimensions, gaps, and self-similarity constant κ in the rod array are chosen to be identical to those found in the self-similar spherical geometry, with the first rod radius set as R 1,rod = 30 nm. Furthermore, in this case, we adopt an oblate ellipsoidal capping for the rods, with major and minor axis length defined as a 1,rod = 30 nm to that found in the spherical geometry. Local field spectra reported in Fig.3 indeed verify that, even if a minor effect due to the wavelength dependence can be observed as an adjustment from |E/E 0 | ∼ 500 to |E/E 0 | ∼ 550, self-similar nanolenses are unable to provide larger field enhancements than those obtained employing standard plasmonic dimers within the adopted geometrical constraints and, in this specific case, the self-similar rod geometry provides smaller enhancements than a simple sphere dimer with an equal gap. Local field mappings computed at resonance, and reported in Fig.4 , return a picture coherent with that of the spectral calculations, with local inten- Figure 5 : Dielectric constant real (ε 1 ) and imaginary part (ε 2 ) for each of the adopted silver optical constants.
sity profiles in the gap of the self-similar structure in very good agreement with those reported in Ref. 3 . In all cases standard plasmonic antennas provide stronger and more uniform local-field hot-spots, whereas the only advantages of self-similar nanostructures lie in a slightly better spatial confinement, and in the ability to sustain resonances in the blue end of the spectrum. This first analysis returns a clear picture where realistic nanolens geometries, in ideal quasi-static conditions, are unable to provide field enhancements much larger that those obtained with standard plasmonic dimers. A natural conclusion is that, in the considered scenario, cascade amplification does not justify the observed field enhancement values for self-similar nanostructures, and that the mechanism responsible for the observed extreme field enhancement must be operating in each of the analyzed nanostructures. A likely explanation for the observed behavior can probably be found in the adoption of the quasi-static approximation, which completely eliminates the presence of radiative losses, and likewise in the choice of silver as adopted material, which significantly limits ohmic dissipation. 3, 25 We first investigate the role of ohmic dissipation on the field enhancement properties of selfsimilar and standard plasmonic dimers. To this end we calculate field enhancement spectra adopting three different optical constants for silver, each one characterized by distinct imaginary parts of the dielectric function, and as a consequence by different ohmic losses. [25] [26] [27] Figure 5 reveals how the optical constant retrieved from Ref. 25 , which is also the one adopted hancements. This hypothesis is confirmed by the field enhancement spectra displayed in Fig.6 ; the adoption of optical constants characterized by distinct ohmic losses results in major differences in the calculated local field enhancements. In the case of self-similar nanostructures, values obtained adopting the Johnson and Christy optical constants are up to 5 times larger than those computed using the alternative dielectric functions, while the peak difference diminishes to a factor of 3 in the case of standard dimers. The difference in variability can be partially explained by the different spectral properties of the adopted materials, nevertheless a further contribution derives from the cascade amplification mechanism which, being expressed in first approximation as g n ∼ (
with n the number of cascade steps, shows a strong dependence on the imaginary part of the optical constant. 3 Finally, in order to investigate the role of radiative losses and provide a realistic estimate of the field enhancement achievable with self-similar and standard plasmonic dimers, we perform a local field spectral analysis including full retardation effects, this time adopting a silver optical constants featuring intermediate ohmic losses. 26 The introduction of full retardation in this size regime causes a further reduction of peak local field enhancements, as well as significant red-shift of a factor of 3 in field peak values, which is also reflected in the trends observed for rod dimers and bowtie antennas. In this case a slight exception is represented by the bowtie structure, whose maximum fields are less affected by the opening of radiative channels than the standard and selfsimilar counterparts. Overall, the introduction of radiative and ohmic losses can lead to a reduction in field enhancement up to one order of magnitude in a worst case scenario.
In conclusion, we have studied and compared the field enhancement properties of self-similar and standard plasmonic dimer nanostructures. In this context we have shown that self-similar nanolenses are unable to provide, even in ideal quasi-static conditions, local field enhancements significantly larger than those obtained employing standard plasmonic dimers. We have also highlighted the influence of radiative and ohmic losses on the final field enhancement performance, and established that the observed extreme enhancements likely descend from the absence of radiative losses, intrinsic to the quasi-static approximation, and from the adoption of materials featuring extremely small ohmic losses. Furthermore, we have also shown that an appropriate inclusion of all loss channels results in a field enhancement reduction up to one order of magnitude in a worst case scenario. Finally, we have demonstrated that the adoption of self-similar nanostructures to achieve large local field enhancements, with the exception of the blue range of the visible spectrum, does not seem justified, and that standard plasmonic dimers offer the best tradeoff in terms of performance and fabrication feasibility.
